Our brain is organized in a modular structure. Information in different modalities is processed within distinct cortical areas. However, individual cortical areas cannot enable complex cognitive functions without interacting with other cortical areas. Electrocorticography (ECoG) has recently become an important tool for studying global network activity across cortical areas in animal models. With stable recordings of electrical field potentials from multiple cortical areas, ECoG provides an opportunity to systematically study large-scale cortical activity at a mesoscopic spatiotemporal resolution under various experimental conditions. Recent developments in thin, flexible ECoG electrodes permit recording field potentials from not only gyral but intrasulcal cortical surfaces. Our review here focuses on the recent advances of ECoG applications to non-human primates.
Introduction
The human brain consists of more than a billion neurons, and the brain is anatomically organized into multiple, distinct cortical areas. The non-human, mammalian brain can be seen as a scaled-down version of the human brain with differential expansion and contraction of cortical areas [1, 2] . Historically, neurobehavioral studies in animals with focal lesions have revealed sensory, cognitive, and motor functions associated with distinct cortical areas. Neurophysiological recordings have characterized the information processing associated with the neuronal discharges (e.g., extracellular spikes from single neurons [3, 4] ) in individual cortical areas. Together, these systematic experimental efforts have led to a notion of 'functional specialization', indicating that each cortical area is associated with different functions or processes information from different modalities, such as vision, audition, somatosensation, and movement. Following this notion, one may think that we could identify the neural bases of cognitive functions simply by studying the individual cortical areas separately. However, there has been evidence suggesting that cortical interactions are essential in enabling those functions. For example, lesion studies in non-human primates have demonstrated (i) that combined lesions in multiple areas produced pronounced effects that were not expected from lesions made in the individual areas (e.g., [5, 6] ) and (ii) that disconnection between two cortical areas produced a specific impairment in cognitive function, which cannot be obtained by lesions in each of the two areas (e.g., [7, 8] ). Furthermore, recent studies with multi-channel penetrating microelectrode arrays have directly evaluated the cortical interactions underlying brain functions [9] [10] [11] [12] [13] .
There is another neurophysiological technique, electrocorticography (ECoG), that enables recording of local field potentials (LFP) from the cortical surface. ECoG has long been an indispensable tool for the evaluation of epileptic foci in human patients. ECoG is also one of the oldest electrophysiological methods applied for non-human primates [14, 15] . With advent of high-channel-count data acquisition and mathematical tools for analyzing highdimensional data, ECoG has recently became an important tool for investigating brain functions. The ECoG electrodes in recent animal studies tend to have a smaller electrode diameter with a higher density (sometimes referred to as micro-electrocorticography, mECoG [16, 17] ) than those used in human studies. ECoG provides a unique opportunity to examine large-scale brain activity modulated under different behavioral states. ECoG is approximately located in the medium range of spatiotemporal resolution among neural recording techniques (Table 1) . ECoG thus can be considered as a mesoscopic measure of neural activity [18] . Here, we briefly review recent ECoG studies and technical developments of new types of ECoG arrays applied to non-human primates.
Decoding intended motor movement with ECoG
device that allows direct control of machines with neural signals from the brain. BMI is clinically important because it can potentially benefit patients who have lost movement control. Among invasive neurophysiological recording methods, ECoG could be better suited for applications in human patients because it is less invasive than the penetrating microelectrodes. The primary goal in BMI is to establish a decoding model that can translate neural signals to specific behavioral measures in real time. To this end, a recent study using ECoG arrays Studying brain functions with mesoscopic measurements Fukushima, Chao and Fujii 125 [19 ] . The average correlation coefficients (r) between the predicted and observed trajectories are shown for all three positions. Adapted from [19 ] . (B) Examples of decoding of 3D hand demonstrated decoding of continuous arm kinematics in monkeys by LFPs recorded across multiple cortical areas [19 ] (Fig. 1A) . Here the monkey reached food presented by the experimenter with no explicit onset cue for decoding hand trajectories (called ''asynchronous'' task; Fig. 1B) . The ECoG signal consists of multiple spectral and temporal scales as evident in time-frequency representation (Fig. 1C) . Thus, by combining the ECoG signals from multiple channels, the dimensionality of the predictor variables is quite high for decoding intended movements. Estimating the latent structure of high-dimensional statistical distributions normally requires a large amount of data samples to avoid overfitting [20] . There are, however, several advanced statistical techniques available for estimating it from limited data samples [21] [22] [23] . Chao et al. [19 ] used partial least squares [24] to handle this problem in their ECoG data (Fig. 1C ). This allowed for decoding three dimensional hand positions with a high accuracy (r = 0.72, Fig. 2A ). The decoding accuracy in predicting hand positions is comparable to that obtained from single/multi unit spikes in prior studies (Fig. 2B-D) [25, 26] . The decoder accuracy did not decrease significantly over 2-5 months without recalibration. This long-term stability is a potential advantage over the single-unit based decoder. In addition, the ECoG decoder was also able to predict seven other kinematic variables (e.g. shoulder abduction, elbow flexion) with similar high accuracies (r = 0.62-0.78) [19 ] . Other studies in monkeys also demonstrated decoding of grasp force profiles [27] or muscle activities during movement [28] from ECoG signals recorded in the primary motor cortex.
Although these studies demonstrated that various intended motor movements could be predicted from ECoG signals, the signals were not used to control a machine or computer in real time. However, in a recent study using mECoG electrodes implanted in the motor and premotor cortices, monkeys learned to control a computer cursor with high-gamma power from the two arbitrarily chosen electrodes [29 ] . This task required the monkey to differentially modulate the amplitude of the gamma band power. The computer cursor was set to move to one of two possible directions (e.g., left or right) when the high-gamma band power in a selected electrode was higher than in another electrode. The monkey was able to learn this brain-control task within a couple of days. This result demonstrated that ECoG is amenable to real-time BMI in non-human primates.
Large-scale cortical network interaction revealed by ECoG
ECoG's capability to simultaneously access activities across multiple brain regions permits the study of the fast and slow temporal dynamics of cortical interactions in animals performing various behavioral states. With a flexible ECoG array covering a large dorsal part of the visual cortex, a recent study in the macaque demonstrated that the cortical site V4 is synchronized to the V1 recording sites that corresponded to the attended visual stimulus in the gamma band range [30 ] . ECoG can also be used to investigate the global cortical interactions of the brain at ''rest'' (in the absence of explicit sensory stimulation). The resting state network has been investigated by functional imaging in humans [31] , but the systematic comparison between imaging and electrophysiological signals is difficult to perform in human subjects. This issue was recently investigated with an ECoG electrode that covered a large portion of the hemisphere and medial wall of a macaque [32] . They found that the patterns of functional connectivity from broadband ECoG signals are similar to those obtained with fMRI. The functional couplings among cortical areas are robust across the awake, sleep and anesthetized states, but the spectral characteristics from individual recording sites are different across those behavioral states. The couplings were mostly similar across different frequency bands, but the long-range interactions increased in the gamma band range. One caveat here is that this result depends on the measurement of functional connectivity. Another study evaluated the same ECoG datasets and found a significant difference in the directional coupling (Granger causality) among cortical areas across the behavioral states of the animals [33] .
Intrasulcal ECoG electrode arrays in nonhuman primates
The gyral surface of the brain is the primary target for standard ECoG electrodes, but the primate brain has numerous cortical sulci that include auditory, motor, visual and somatosensory cortex. In humans, ECoG arrays have been used to record from cortical areas in the central sulcus [34] , enabling the decoding of arm movement. The macaque brain also has several cortical sulci, but implanting ECoG arrays in the sulci is technically challenging since the macaque brain is about a tenth the size of the human brain. Direct access to cortical areas in the sulci of the macaque has been achieved by separating the banks of the sulcus for tracer injection and microelectrode implantation [35] . Recent advances in electro-mechanical systems (MEMS) technology has enabled thin, flexible [25] . The predicted (red line) and observed (black line) 3D hand positions for a monkey were plotted for two trials (left and right). Adapted from [25] . (C) Examples of decoding of 2D hand positions from single/ multi units spikes by Carmena et al. [26] . The predicted (red line) and observed (blue line) hand trajectories are plotted for X (top) and Y (bottom) positions. Adapted from [26] . (D) Summary table for comparing the decoding accuracy among three decoding studies in (A-C). For each study, the correlation coefficient for decoding accuracy was calculated by averaging across all predicted dimensions and animals.
ECoG arrays, which are appropriate for implanting in the cortical sulci in the macaque [36, 37 ] (Fig. 3A and B) . A flexible ECoG array was successfully implanted in the superior temporal sulcus, and visually evoked potentials from the visual cortex were recorded in the sulcus [36] .
For recording from the auditory cortex of the macaque, mECoG arrays were implanted in the lateral sulcus and detected tonotopic maps from primary and higher auditory cortices in the awake macaque [23, 37 ] . We further combined the technique for implanting ECoG arrays in 128 Large-scale recording technology the sulcus with an electrode array [38] that covers a large portion of the lateral surface [39, 40] (Fig. 3C ). This ECoG array permits simultaneous recording of LFPs from the cortical surfaces on the medial wall, dorsal and ventral lateral surfaces, and the supratemporal plane in the lateral sulcus. Thus, ECoG electrode array can be applied to intrasulcal cortical areas as well as conventional targets on gyral cortical areas in monkeys.
Possible room for improvement in ECoG: Analysis and recording techniques
Based on the currently available technologies, here we discuss a few possible options for improvement in ECoG recording techniques and data analysis. One obvious improvement is to increase the number of recording sites. The maximum number of recording sites in ECoG arrays is currently on the order of hundred. Given the complexity and size of the brain in humans and non-human primates, hundreds is far less than the number of independent neural signal sources in the brain. Increasing the number of recording sites would be easily achievable with MEMS technologies, but the size of the cable needed to transmit the signals would not be scalable. To minimize infections through the cable, we cannot afford a large opening in the skull or skin that could transmit signals from thousands of recording for chronic electrophysiological recordings. To achieve this, we would need to multiplex the signals to reduce the amount of electrode cables [41] and possibly transmit the signals wirelessly [42, 43] .
These new technologies may eventually achieve LFP recordings from more than a thousand channels in ECoG arrays, but there is a rather fundamental question in analyzing the data: how we could extract information from such high-density LFP recordings. LFP is generally considered to be spatially averaged extracellular potentials [44] . The volume-conducted voltage from the same source could spread across many more channels as the electrode density increases [45] . Thus, there may be no advantage to recording LFPs from many neighboring sites. A recent study addressed this issue using a highdensity recording of LFPs in the rat hippocampus [46] . Although the LFPs at each recording site did not show a localized tuning profile to a spatial location (i.e. place field), the spatiotemporal profile of the theta band LFP from many recording sites encoded the rat's position as robustly as neuronal spiking populations within place fields. This method should be applicable to any highdensity LFP recordings, including those recorded from ECoG arrays. With advances in computational methods, we will most likely develop a better way to extract specific information from overlapping signal sources (referred to as the blind source separation problem [47] or the inverse problem [44] ) from LFPs recorded with high-density ECoG electrode arrays. This issue, however, could further be complicated by considering the possibility of causal influence of LFPs on individual neurons through ephapitic couplings [48] [49] [50] [51] .
Discussion and conclusion
As we have reviewed, simultaneous, multisite recordings of neuronal activities with ECoG arrays in non-human primates provide a unique platform for studying the global network mechanisms in the brain. Because of the limited spatial resolution, ECoG cannot identify neural basis of brain functions directly at the level of single neurons or smaller structure (e.g., spines, synapse etc.). This naturally underscores need for investigating the brain across various spatial scales [52] . While we agree with such multi-scale approaches, there is an increasing amount of empirical evidence supporting that the mesoscopic measurement of neural activity has significance in explaining behaviors and cognitive functions.
A proper analogy here might be the relationship between thermodynamics and statistical mechanics in physics [53] . The laws of thermodynamics were established in the 19th century to explain the relationship among macroscopic variables (e.g., temperature, pressure, entropy), long before statistical mechanics provided microscopic basis of the laws. Importantly, they are still valid at present for studying collective phenomena of many body systems, and thus thermodynamics is a notable example that demonstrated utility of studying the system at a coarse level. In systems neuroscience, we do not exactly know the relevant scale of neural activity for describing and predicting brain functions. In the decoding examples discussed above, the single-unit recordings may not be 'necessary' to predict hand kinematics. This, however, is not conclusive as those studies differ in many aspects (e.g. experimental conditions, data analysis methods etc.). At the 'microscopic' level of single neurons, given the large configuration space of a billion neurons, we need to keep our experimental and theoretical efforts to establish 'statistical mechanics' in systems neuroscience [54, 55] . Meanwhile, as in the case of physics, the mesoscopic measure of neural activity from ECoG could be an important asset to observe, describe, and predict collective phenomena of neurons that enable brain functions.
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By detecting mirror symmetric tonotopic maps with high gamma evoked power, the authors demonstrated a close relationship between functional organization and spontaneous neural activity in the auditory cortex of the awake macaque.
